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ENVIRONMENTAL CRACK-GROWTH BEHAVIOR OF 
HIGH-STRENGTH P R E S S U R E V E S S E L  ALLOYS 
I By Royce G. Forman 
Lyndon 9 .  Johnson Space Center 
S U M MARY 
I Crack-growth threshold tests were conducted on surface-flawed specimens 
of six high-strength alloys used for spacecraft pressure vessels. The alloys were 
Inconel 718, 6A1-4V titanium, A-286 steel, AM-350 stainless steel, cryoformed 
AISI 301 stainless steel, and cryoformed AISI 304L stainless steel. The test envi- 
ronments were air; pressurized gases of hydrogen, oxygen, nitrogen, and carbon 
dioxide; and liquid environments of distilled water, sea water, nitrogen tetroxide, 
hydrazine, aerozine 50, monomethyl hydrazine, and hydrogen peroxide. All 
tests were at room temperature except for those on Inconel 718, which was exposed 
to 200 K (-looo F) hydrogen, and 301 stainless steel, which was exposed to 
322 K (120' F)  nitrogen tetroxide. Both base-metal and weld-metal results were 
obtained for Inconel 718, 6A1-4V titanium, and 301 stainless steel. Base-metal 
results only were obtained for A-286 steel and AM-350 stainless steel, and weld- 
' 
i 
I metal results only were obtained for 304L stainless steel. 
INTRODUCTION 
Starting with the Apollo Program, the application of fracture mechanics tech- 
nology has be come a standard requirement for preventing flaw-growth failures of 
manned spacecraft pressure vessels. This requirement was originated because 
design safety factors were reduced and because several pressure vessel test failures 
occurred. These failures were caused by stress-corrosion cracking from fluid- 
metal incompatibility. A description of these problems and the history of fracture 
mechanics used for the Apollo Program are discussed in reference 1. The theoret- 
ical background for the relevant technology is reported in reference 2 .  
To perform a fracture mechanics analysis of pressure vessels, three types 
of data are needed. 
1. The fracture toughness of the material (critical stress-intensity factor 
at fracture for surface-flawed specimen (K 
conditions at failure (KIc)) , when obtained from surface-flaw specimens 
) or apparent stress-intensity factor IE 
2 .  The constant-stress flaw-growth threshold (KTH) in the environments to 
which the vessel will  be exposed 
3 .  The rate of cyclic crack growth caused by fatigue 
If the value of KIE is known, the maximum-size flaw that would not cause 
failure in a proof test can be determined. This size flaw is assumed to exist at the 
beginning of the first operating pressure cycle. By letting KIi be the stress- 
intensity factor (calculated by using the initial flaw size and operating stress), it 
can be shown that the ratio KIi/KIE at a given temperature is equal to the ratio of 
operating pressure to proof pressure. Also, by knowing the value of KTH/KIE, 
the possibility of sustained-stress environmental crack growth can be determined. 
For a specific pressure vessel design, environmental crack growth is prevented 
by selecting either the proof pressure ratio or the material such that 
KIi/KIE < KTH/KIE. 
greater the number of allowable pressurizations before sustained-stress environ- 
The greater the difference between these two ratios, the 
mental flaw growth can occur. 
Data for the type analysis just discussed were obtained for every pressure 
vessel on the Apollo and Skylab space vehicles. Part of the data was obtained from 
study contracts, and part of the data was obtained from in-house tests at the NASA 
Lyndon B e  Johnson Space Center (JSC) , This report presents the results of many 
of these in-house tests and also a number of material screening tests for application 
to future pressure vessels. However, the report only includes the results of 
fracture-toughness and environmental crack-growth tests that were performed. 
The following list gives specific materials and sustained-stress environments for 
which results are reported. 
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Material Test environments 
Inconel 718 base metal 
Inconel 718 weld 
6A1-4V titanium pressure weld 
A-286 base metal 
AM-350 base metal 
1 Cryoformed 301 base metal 
Cryoformed 301 weld (308L wire) 
Cryoformed 301 weld' (301 wire) 
Cryoformed 304L weld2 (308L wire) 
Gaseous hydrogen (H 2 ) 
H,, gaseous oxygen (02), distilled 
L 
water (DW) 
Laboratory air 
Hydrogen peroxide (H202) 
H , 0 , gaseous nitrogen (N2) ,  2 2  
DW,  sea water (SW) 
, carbon dioxide (COS), 0 2 '  N2 
DW, EW, nitrogen tetroxide 
(N 0 ) ,  hydrazine (N2H4), 
aerozine 50 (A-50) 
2 4  
N2H4, A-50 
Monomethyl hydrazine (MMH) , 
N2°4 
As an aid to the reader, where necessary the original units of measure have 
been converted to the quivalent value in the Systeme International d'Unite's (SI). 
The SI units are written first,  and the original units are written parenthetically 
thereafter. 
lSpecia1 controlled chemistry (not commercial grade) . 
2Commercial grade material. 
3 
SYMBOLS 
The SI unit conversion factors used with these symbols are listed in the 
appendix. 
a 
b 
KI 
KIE 
KTH 
M 
Q 
t 
W 
U 
Y Q 
e 
0 
crack depth centimeters (inches) 
crack half-length centimeters (inches) 
stress-intensity factor MN/m3l2  (ksi E.) 
critical stress-intensity factor at fracture for surface-flawed 
specimen MN/m3i2 (ksi E) 
threshold stress-intensity factor for environmental crack growth 
MN/m3l2  (ksi a.) 
correction factor for the effect of crack shape and depth on the 
growth of a crack through the thickness 
flaw-shape correction factor 
plate thickness, millimeters (inches) 
specimen width millimeters (inches) 
applied gross area stress, MN/m2 (ksi) 
tensile yield strength ( 0 . 2  percent offset) 
angular coordinate 
complete elliptic integral of the second type 
MN/m2 (ksi) 
Subscripts: 
C conditions at failure 
i initial conditions at beginning of test 
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TEST SPECIMEN DESCRIPTION 
The A-286 steel and AM-350 stainless steel ( S S )  specimens were machined 
from rolled plete at JSC . The 6A1-4V titanium pressure-weld specimens were cut 
from an Apollo high-pressure helium bottle and processed as shown in figure 1. 
The Inconel 718 specimens were fabricated by two different contractors. The 
smaller 0.28-centimeter (0.11 inch) thick Inconel 718 specimens were fabricated to 
simulate the thickness, welding, and heat treatment for a proposed cryogenic gas 
storage system (CGSS) pressure vessel for the Skylab Program. The larger 
0.51-centimeter (0.20 inch) thick Inconel 718 specimens were fabricated to simulate 
the thickness, welding, and heat treatment for the astronaut life support assembly 
(ALSA) pressure vessels on Skylab. The cryoformed stainless steel specimens 
were also fabricated by two different contractors. The 301 stainless steel specimens 
were fabricated by contractor A to obtain data on the Apollo Program liferaft C 0 2  
bottles and for screening tests for Space Shuttle propellant tank materials. The 
304L stainless steel specimens were fabricated by contractor B to also obtain 
screening data for Space Shuttle propellant tank materials. 
The specimen design for each material is shown in figures 2 to 7 .  The weld 
joint configurations and specimen processing steps are shown in figures 8 to 11. 
After the specimens were fabricated, the weld beads were machined flush and 
the weld areas were polished and etched to show the fusion lines. Starter flaws 
were then machined into the specimens by an electrical discharge machine, and the 
specimens were degreased to prepare them for fatigue precracking . Trichloro- 
trifluoroethane (Freon) was used to degrease all specimens except for particular 
301 stainless steel specimens that were degreased with isopropyl alcohol. 
All specimens were fatigue precracked in laboratory air by either three-point 
or cantilever beam bending except for the specimens (Inconel 718 and cryoformed 
301 stainless steel) tested in hydrogen, which were precracked by tension-fatigue 
loading. Also, with the exception of the hydrogen-tested specimens, the maximum 
precracking stress was less than the sustained-load stress. Precracking for 
Inconel 718 and cryoformed 301 stainless steel would not have been possible at 
stresses as  low as those required to obtain the KTH value in hydrogen gas. 
After precracking, all specimens were cleaned and sealed in plastic bags 
until the time of test. The titanium specimens and a few cryoformed 301 stainless 
steel specimens tested in prepellant fluids were ultrasonically cleaned with Freon. 
All other specimens and test chambers were cleaned to a level-3 cleanliness and 
vacuum bake dried according to requirements for aerospace oxygen-type service. 
Because residuals of chlorinated solvents like Freon in the presence of N2H4 
mixtures were of concern, the specific cleaning procedures for specimens tested in 
N2H4, A-50, and MMH are noted in the test results. 
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TEST APPARATUS AND PROCEDURES 
The sustained-load tests were conducted using either dead-weight creep 
machines or specially fabricated load frames with nitrogen-powered load cylinders. 
Al l  hydrogen testing was conducted using the load frame and test chamber shown in 
figure 1 2 .  A disassembled view of the hydrogen test chamber is shown in figure 13. 
Not shown in the disassembled view is the insulated outer chamber jacket that 
liquid nitrogen passed through to cool the hydrogen gas. 
The test chamber used for all other environments except ambient air is shown 
in the photograph in figure 14(a). These chambers were machined from stainless 
steel and were made especially thick to withstand the high gas pressures. Although 
the pressure chambers were clamped on the specimens, the frictional forces were 
smal l  because the nuts on the clamping bolts were torqued only a little more than 
finger tight. Also, the O-ring seal and Teflon backup sheet, shown in figure 14(b), 
prevented metal-to-metal friction between the specimen and chamber. 
All pressurized gases in the test program were obtained from K-bottles. 
Except for the C02  supply, all K-bottles were purchased to a 0.99995 purity require- 
ment for fuel-cell grade gases. The purity was maintained during the tests by 
evacuating the chambers before filling them with the test gases. The hydrogen gas 
was purified further to a maximum 15 ppm total impurities by using a molecular 
sieve and liquid nitrogen cold trap. A sample of the hydrogen gas was drawn from 
the test chamber before each test, and a chemical analysis was performed to check 
the purity. The 41-MN/m2 (6000 psi) oxygen was also obtained from a K-bottle, 
but the high pressure was attained with a self-pumping 10-to-1 pressure intensifier 
unit. 
The propellant fluids were purchased according to the following specifications 
and had the following chemical analysis after delivery: 
Nitrogen tetroxide- Specification: JSC-PPD-2B 
(Nitric oxide and water percent weights analyzed only) 
Before environmental tests : 
Nitric oxide, percent . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.63 
Water, percent . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.01 
After 500-hour test: 
Nitric oxide, percent . . . . . . . . . . . . . . . . . . . . . . . . . .  0.59 
Water, percent . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.02 
6 
Hydrazine - Specification: MIL-P-26536, Revision B 
Hydrazine, percent . . . . . . . . . . . . . . . . . . . . . . . . . . . .  98 .O 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.003 
1 .o 
Density, g/cm 3 
I Water, percent . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 .o 
Particulate count . m g / lit er . . . . . . . . . . . . . . . . . . . . . . . .  
Aerozine 50 - Specification: MIL-P-27402, Revision B 
Hydrazine, percent . . . . . . . . . . . . . . . . . . . . . . . . . . . .  51.3 
Unsymmetrical dimethyl hydrazine, percent . . . . . . . . . . . . . .  47.5 
Water, percent . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 . 2  
Particulate count, mg/liter . . . . . . . . . . . . . . . . . . . . . . . .  0 . 1  
I 
I Monomethyl hydrazine - Specification: MIL-P-27404 
Monomethyl hydrazine, percent . . . . . . . . . . . . . . . . . . . . .  97.4 
Water, percent. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.8 
Balance not identified, percent . . . . . . . . . . . . . . . . . . . . .  0.8 
Particulate count, mg/liter . . . . . . . . . . . . . . . . . . . . . . . .  1.6  ~ 
Hydrogen peroxide 
I (No chemical analysis available) 
Before each propellant fluid test, the test chambers were recleaned, placed 
on the specimens as shown in figure 14(a), and filled with the propellant fluids in 
a clean room at the thermochemical test laboratory. To remove fluid contaminated 
with air ,  the propellant fluids were allowed to flow through the chambers before the 
inlet and outlet ports were capped. In the sea water tests, the test fluid was 
obtained from the Gulf of Mexico approximately 1 6  kilometers (10 miles) offshore 
from Galveston, Texas. 
After each sustained-load test, if the specimen had not failed, the specimen 
was tension fatigue cycled in ambient air to mark the sustained-load-flaw growth 
and then statically loaded to failure. The fracture face photograph in figure 15 of 
an Inconel 718 specimen shows the test sequence and appearance of the different 
types of flaw growth for fatigue, sustained load, and static load to fracture. 
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In addition to the sustained-load tests, static-fracture toughness tests were 
also conducted on at least two specimens for each type of material. These tests 
were conducted in ambient air ,  and the specimen geometry and initial flaw sizes 
were the same as for the sustained-load specimens. 
RESULTS AND DISCUSSION 
The sustained-load and fracture test results were analyzed using the stress- 
intensity factor method. The calculations were made by using the following equa- 
tion for the stress-intensity factor at the minor axis of a semielliptical surface-type 
flaw. 
7 
KI = 1 . 1 2 0  ] E M  Q 
where Q is a flaw-shape correction factor given by the equation 
2 Q = 0 2 - 0.212 (t) 
In equation ( 2 ) ,  0 is an elliptic integral of the second kind with the values listed 
in table I .  
Equation (1) is basically Irwin's expression (ref. 2 )  for a semielliptical 
surface crack with correction factor M applied to account for the finite thickness 
of the specimens. Correction factor M is a function of a/t and a/b and was 
Smith's solution for a /b  = 1 (also discussed in ref. 2 ) .  The linear interpolation 
procedure is shown in figure 16.  
. determined by a linear interpolation of Kobayashi's solution for a/b = 0 and 
To determine the fracture toughness values, equation (1) was written in the 
following f o r m .  
KIE = 1 . 1 2 0 c E M  (3) 
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where Q is determined using the values of u listed in table 11. These calcula- 
tions were made on the specimens tested, and the fracture toughness results for 
each specimen are listed in tables I11 to VI. Average KIE values for each material 
are listed in table VI1 . 
Y 
For the sustained-load tests, the stress-intensity factors were calculated for 
the conditions at the time of initial load application. The equation for this condition 
is 
where Q is calculated as in equation ( 3 ) .  The results c these calculations for all 
specimens tested are listed in tables VI11 to XIV. Also listed in the tables are the 
environmental conditions, time at load , amount of crack growth , and the ratio 
KIi IKIE ' 
A listing of the estimated KTH/KIE values for each material and environ- 
ment is given in table XV where KTH is the estimated maximum value of KIi for 
which crack growth wil l  not occur. By assuming the following grading system, 
a summarization can be made of all materials and environments tested. 
Incompatibility 
~~ 
Negligible 
Slight 
Moderate 
Severe 
For Inconel 718 , the test results showed slight or negligible incompatibility 
in a i r ,  water , and high-pressure oxygen. In gaseous hydrogen between room 
temperature and 200 K (-100' F) , Inconel 718 was found to have severe incompati- 
bility . Not enough testing was performed to determine accurately the effects of 
temperature and pressure on hydrogen-environment crack growth , but the differ- 
ence in KTH between room temperature and 200 K (-100' F) was not significant. 
Apparently , the lower temperature decreased the environmental crack-growth rate, 
but a decrease in crack-growth rate did not necessarily signify a decrease in KTH. 
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A photomicrograph of the crack growth for an Inconel 718 specimen is shown in 
figure 1 7 .  Also, the results of K I ~  as a function of time at load for base-metal 
specimens tested in 200 K (-100’ F) hydrogen are shown in figure 18. 
For cryoformed 301 stainless steel, the test results showed slight or negligible 
C 0 2 ,  distilled water, sea water, and 2 ’  N2’ incompatibility in high-pressure 0 
N 2 0 4 .  The N2H4 test results showed slight incompatibility with base-metal speci- 
mens but moderate incompatibility with weld specimens. Severe incompatibility 
occurred for gaseous hydrogen and A-50 environments. The specimens that were 
aged after cryostretching did not have lower crack-growth threshold values com- 
pared to the unaged specimens. The specimens tested in 322 K (120’ F) N2O4 had 
the same slight or negligible incompatibility as the ones tested at ambient 
temperature. 
The cryoformed 304L stainless steel showed slight incompatibility with N2O4 
and moderate incompatibility with MMH. These results are s imi la r  to those obtained 
for cryoformed 301 stainless steel. The 6A1-4V titanium base metal and pressure 
welds showed slight incompatibility with air .  The A-286 steel showed negligible 
incompatibility with gaseous hydrogen, and the AM-350 stainless steel showed 
negligible incompatibility with H 2 0 2  . 
The occurrence of moderate incompatibility for cryoformed 301 stainless 
steel welds tested in N2H4 is significant because the material is extensively used 
for N2H4 storage vessels in spacecraft. The test results in table VI11 show that the 
value of KTH/KIE is between 60 and 70 percent for the material in N2H4.  For 
specimen 486A-2-E, which had a KIi/KIE ratio of 60 percent and a flaw depth of 
7 1  percent through the thickness, the flaw growth was zero after 750 hours. The 
sustained-load stress level was s imi la r  to that in spacecraft pressure vessels of 
the same material, and the value of K I ~  was 55.3 MN/m3’2 (50.3 k s i G . ) .  The 
possibility of a cryoformed 301 stainless steel pressure vessel having a crack- 
growth problem caused by N2H4 would depend on the maximum size flaw that could 
occur. The approximate 13- to 14-percent wall-thickness reduction of the vessel 
during cryoforming should certainly screen out flaws smaller than halfway through 
the thickness of the pressure vessel wall .  Also, since the cryoformed N2H4 storage 
vessels all have wall thicknesses less than 0.076 centimeter (0.03 inch), flaw sizes 
could not possibly be large enough to produce stress-intensity factors approaching 
KTH at operating pressures. 
1 0  
In summarizing the results, it should be stated that many of the environmental 
tests were performed for screening purposes only, and the results should not be 
considered entirely conclusive. This situation was particularly true for the cryo- 
formed stainless steel tested in hydrazine-type mixtures where contamination may 
have been relevant. The tests were not planned to study effects of CO2 impurities 
in hydrazine that has been reported to cause environmental crack growth or to use 
ultrapure or  buffered hydrazine mixtures that are being investigated in other 
programs. Concerning the cleaning problem for hydrazine environment specimens, 
no significant difference was found in the results between specimens cleaned with 
Freon and specimens cleaned with isopropyl alcohol, which is now required for 
cleaning spacecraft hydrazine tanks. 
Finally, for many of the specimens tested at KIi/KIE ratios of approximately 
85 percent or higher, the sma l l  amount of crack growth indicated may not have been 
caused by environmental incompatibility. The reason is that most precracked metal 
specimens when monotonically loaded have a certain amount of stable crack growth 
preceding instability. This growth on loading could have happened for most of the 
specimens tested in which a trace of growth was found after sustained loading close 
to KIE . To verify this, specimen 504A (made from 301 stainless steel) was mono- 
tonically loaded in approximately 1 minute to 84 percent of KIE in air ,  and the load 
then immediately dropped to zero. After fatigue loading the specimen to mark the 
crack and then pulling to failure, a crack growth of 0.015 centimeter (0 .006 inch) 
was found on the fracture face that occurred during the initial monotonic loading. 
These data are listed in table IX and indicate that the crack growth for some speci- 
mens did occur during the initial application of load. The only significance of this 
is that some combinations of materials and fluids rated as having slight incompati- 
bility actually may have no incompatibility. 
CONCLUSIONS 
The results of the test program to investigate environmental crack behavior 
of high-strength pressure vessel alloys can be summarized as follows. 
1. The only severe environmental crack-growth problem found in the 
materials tested was in cryoformed 301 stainless steel exposed to gaseous hydrogen 
and aerozine 50 and in Inconel 718 exposed to gaseous hydrogen. 
2 .  The cryoformed 301 stainless steel weld had a crack-growth threshold 
ratio KTH/KIE of between 60 and 70 percent for exposure to hydrazine, but this 
should not be low enough to cause incompatibility problems in the very thin walled 
hydrazine tanks currently in use in space vehicles. 
11 
3. The cryoformed 301 stainless steel had no incompatibility problems when 
tested in 322 K (120° F) nitrogen tetroxide, the same as when tested at ambient 
temperature. 
4 .  Unlike Inconel 718, the A-286 steel had no incompatibility with high- 
pressure gaseous hydrogen. 
Lyndon B . Johnson Space Center 
National Aeronautics and Space Administration 
Houston, Texas, November 22,  1974 
786-15-31-01-72 
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APPENDIX 
Multiply by - 
4.448222 
2.54 x 
6.894757 x l o 6  
1.0988 
6.894757 x 10 3 
K = (5/9) (F + 459.67) 
CONVERSION OF U .S. CUSTOMARY UNITS T O  S I  UNITS 
To obtain SI units 
newtons (N) 
meters (m) 
N/m2  
MN/m3/2 
MN/m2 
Kelvin (K) 
The SystGme International d'Unit6s (SI) was adopted by the Eleventh General 
Conference on Weights and Measures in Paris during October 1960, in Resolution 
Number 12. The factors required for conversion of U .S . customary units used in 
this report to SI units and the prefixes and symbols used to indicate multiples of 
units are presented in the following tables. 
Multiple Prefix 
10-3 mill i  
10-2 centi 
1 o6 mega 
To convert from 
U .  S . customary units 
Symbol 
m 
C 
M 
lbf 
in. 
kips per square inch (ksi) 
ksi 
lbf per square inch (psi) 
O F  
TABLE I . -  VALUES OF Q2 AS A FUNCTION OF 
0.00000 
,22361 
.31622 
,38729 
,44721 
,50000 
.54772 
.59161 
.63245 
.67082 
.70710 
1 * 000000 
1.124605 
1,220527 
1.307354 
1.388838 
1.466656 
1.541746 
1.614772 
1.685915 
1,755688 
1.824239 
0.74162 
.77459 
.a0622 
,83666 
.86602 
.a9443 
.92195 
,94868 
.97468 
1.00000 
1.891730 
1.958297 
2.024049 
2,089074 
2.153444 
2.217225 
2.280468 
2.343220 
2.405517 
2.467400 
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TABLE 11.- YIELD STRENGTH VALUES USED FOR KIi AND KIE CALCULATIONS 
Type material 
Cryoformed 301, heat 50726, 308L weld wire: 
Unaged weld metal 
Unaged HAZ metal 
Unaged base metal 
Aged weld metal 
Aged HAZ metal 
Aged base metal 
Cryoformed 301, heat 53087, 308L weld wire: 
Aged weld metal  
Cryoformed 301. heat 53087, 301 weld wire: 
Aged weld metal 
Cryoformed 304L, 308L weld wire: 
Aged weld metal 
Aged HAZ metal 
Inconel 718 CGSS tank material: 
Weld metal 
Base metal 
Inconel 718 ALSA bottle material: 
Weld metal 
HAZ metal 
Base metal 
A-286 steel 
AM-350 (SCT 1000) steel 
6Al-4V titanium (STA)' pressure weld: 
Weld metal 
HAZ metal 
Base metal 
"Y ' 
2 MN/m Mi) 
1206 (175) 
1413 (205) 
1482 (215) 
1620 (235) 
1751 (254) 
1765 (256) 
1620 (235) 
1620 (235) 
1620 (235) 
1820 (264) 
1179 (171) 
1213 (176) 
1117 (162) 
1206 (175) 
1206 (175) 
724 (105) 
1048 (152) 
1062 (154) 
1062 (154) 
1062 (154) 
Y Sourceof 0 values 
Contractor test 
Estimate 
Contractor test 
Contractor test 
Estimate 
Contractor test 
Contractor test 
Contractor test 
Estimate 
Contractor test 
Reference 3 
Reference 3 
Contractor test 
E stimate 
Contractor test 
Reference 4 
Reference 4 
Contractor test 
Estimate 
Contractor test 
'STA = solution treated and aged. 
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TABLE VU.- AVERAGE K VALUES OF TEST MATERIALS 
IE 
Type material 
Cryoformed 301 CRES, heat 50726, 308L weld wire:  
Unaged weld metal 
Unaged HA2 metal 
Unaged base metal 
Aged weld metal 
Aged HA2 metal 
Aged base metal 
Cryoformed 301 CRES, heat 53087, 308L weld wire:  
Aged weld metal 
Cryoformed 301 CRES, heat 53087, 301 weld wire:  
Aged weld metal 
Cryoformed 304L CRES, 308L weld wire:  
Aged weld metal 
Aged HA2 metal 
Inconel 718 CGSS tank material: 
Weld metal  
Base  metal 
Inconel 718 ALSA bottle material: 
Weld metal 
HA2 metal 
Base metal 
A-286 steel 
l AM-350 (SCT 1000) steel 
1 6A1-4V titanium (STA) pressure weld: I 
Weld metal 
HA2 metal 
~ Base metal 
aValues obtained from reference 3. 
IE ’ Average K 
VIN/m3/2 (ksi =.I 
95.0 (86.5) 
95.4 (86.8) 
106.0 (96.5) 
102.2 (93.0) 
106.9 (97.3) 
113.0 (102.8) 
91.9 (83.6) 
91.3 (83.1) 
72.2 (65.7) 
87.3 (79.5) 
54.9 (50)‘ 
109.9 (1oo)a 
7 8 . 0  (71.0) 
103.4 (94.1) 
102.8 (93.6) 
56.2 (51.2) 
60.1 (54.7) 
56.5 (51.4) 
52.2 (47.5) 
51.6 (47.0) 
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TABLE XV .- SUMMARY OF ENVIRONMENT INCOMPATIBILITY OF TEST MATERIALS 
Type material 
Cryoformed 301 welded with 308L filler 
wire (aged and unaged specimens) 
Cryoformed 301 welded. with 301 filler 
wire (aged specimens) 
~ ~~ - ~~ ~ 
Cryoformed 304L welded with 308L filler 
wire (aged specimens) 
Inconel 718 
A-286 steel 
AM-350 (SCT 1000) steel 
6A1-4V titanium (STA) pressure weld 
aIncompatibility grading system: 
KTH/KIE, percent 
2 85 
L 75, <85 
<60 
160,<75 
Environment 
DW, S W ,  02’ N Z D  and C02 
N204, and N H (base metal) 
N2H4 (weld metal) 
2 4  
A-50 and H2 
N H  
2 4  
A-50 
N2°4 
MMH 
~~ ~ ~ 
DW,  SW, 02, and air 
H2 
H2 
H O  
2 2  
A i r  
Incompatibility 
Negligible 
Slight 
Moderate 
Severe 
Incompatibilitya 
Negligible 
Slight 
Moderate 
Severe 
Moderate 
Severe 
Slight 
Moderate 
Slight 
Severe 
Negligible 
Negligible 
Slight 
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Specimen fabrication procedure 
1. Machine 1.9-cm (0.75 in.) wide by 12.7-cm (5.0 in.) long str ips 
from spherical bottle. 
2. Mil l  off weld bead from inside rad ius of each strip. 
3. Wet sand f ront  and back face to remove transverse curvature.  
4. Flatten str ips by clamping between two flat plates and heating 
in furnace at 755 K 1900" F) for 4 hr 
5. Straighten str ips f ina l  10 percent by three-point bending at room 
temperature. 
Figure 1. - Fabrication procedure for 
titanium pressure-weld specimens. 
17. 
(7.0 
1.90-cm 10.75 in.) diam hole 
10.75 in.)- 
:m 
1.) 
t 
3.17 cm 
(1.25 in. 1 
I
Flaw location 
3.17-cm (1.25 
Base-metal 
specimen 
in.) rad ius 
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(11 
2.54-cm (1.00 in.) diam hole 
6 . l c m  
2.4 in.) ,-- Weld-metal and 
base - metal I flaw location 
I 
Figure 2 .- Cryoformed 301 and 304L 
cross-weld and base-metal specimen 
configuration. 
.1.90-cm (0.75 in.) diam hole 
I 
17.78 cm 
(7.00 in.) 
3.81 cm 
(1.50 in.) 
.OO in.) rad ius 
Figure 3 .  - Inconel 718 cross-weld and base-metal specimen configuration for CGSS 
tank material tests. 
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1-7.62 cm (3.00 in.)-1 Figure 4 . -  Inconel 718 cross-weld and 
HAZ flaw location 
3.17-cm (1.25 i n . )  
in.) 
i n . )  
base-metal specimen configuration 
for ALSA bottle material tests. 
30.,, cm 
112.c in.) 
t 
6.35 cm 
(2.50 in . )  I 
.2.54-cm (1.00 in . )  
diam hole 
I I h F I a w  location 
Figure 5 .  - Configuration of A-286 steel 
specimen. 
Figure 6 .- Configuration of AM-350 (sub- 
cooling and tempering condition 
(SCT) 1000) stainless steel specimen. 
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I L 
s.? cm 
(2.25 in.) 
1.8cm 
(0.70 in.) 
I 
t 
0.64 cm 
(0.25 in.) 
14.5 cm 
-I 1-1.9cm (0.75 in.) 
t 
% -- - H A ~  flaw location 
\Basemetal flaw location 
Figure 7 .  - Configuration of 6A1-4V 
titanium (STA) pressure-weld 
specimen. 
Joint configuration 
Specimen processing 
1. Machine weld blanks from 0.157-cm (0.062 in.) thick AIS1 3041 
stainless steel plate. 
2. Gas tungsten arc weld wi th  single pass as follows 
Volts: 8 
Amperes 93 
Travel rate: 25.4 cmlmin (10 i n lm in )  
Fi l ler w i r e  0.114-cm (0.045 in.)  diam AIS1 3081 stainless Steel 
Wire feed: 30.5 cmlmin (12 i n l m i n )  
Shield and backup gas Argon 
3.  Cryogenic stretch 28 percent in  l iquid nitrogen, 
4. Age 20 hr at 686 K (775" FI. 
5. Passivate. 
Figure 9 .  - Weld joint configuration and 
specimen processing for cryofor med 
304L stainless steel specimens. 
Joint configuration 
0.157 cm 
(0.062 in.) 
Specimen processing 
1. Machine weld hanks from 0.157-cm (0.062 in.) thick AIS1 301 
stainless steel plate. 
2. Gas tungsten arc weld wi th  single pass as follows: 
Volts: 8.5 
Amperes 55 
Travel ra te  15 cmlmin (6 i n lm in )  
Fi l ler wire: 0.051-cm (0.020 in.) diam AIS1 301 or  AIS1 308L 
stainless steel 
Backing gas: Argon 
3. Anneal, pickle, and passivate specimen. 
4. Uniaxial cryogenic stretch 16 percent in  l iquid nitrogen. 
5. For aged specimens, heat for 20 hr at 694 K (790" F). 
Figure 8 .- Weld joint configuration and 
specimen processing for cryoformed 
301 stainless steel specimens. 
Joint configuration 
0.287 cm 
(0.113 in.) 
t
Specimen processing 
1. Machine weld blanks from 0.317-cm 10.125 in.) thick plate, m i l l  
2. Gas tungsten arc weld with single pass as follows 
annealed at 1283 K 11850" F) .  
Volts 13 
Amperes 90 
Electrode: 0.1587-cm (0.0625 in.) diam, 1-percent thoriated 
tungsten, 30" included angle, 0.038cm (0.015 i n . )  flat 
Travel rate: 12.7 cmlmin (5 in lmin)  
Filler wire: 0.089-cm (0.035 in.) diam Inconel 718 
Wire feed: 47 cmlmin (18.5 in lmi i i )  
Force gas: 75-percent hel ium, 25-percent argon at 0.34 m Ihr 
Backing gas Argon with 131 plm O2 
Age at 1011 f 8 K (1360 ? 15" F) for 10 hr 
Furnace cool to 922 t 8 K (1200 f 15" F) and hold for 10 hr to make 
Cool to room temperature 
3 
(12 f?/hr) 
3. Heat treat as follows 
a total aging cycle of 20 hr 
4. Machine specimens as shown i n  figure 3. 
Figure 10.  - Weld joint configuration and 
specimen processing for Inconel 718 
CGSS tank material tests. 
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Joint configuration 
L 0 . 0 8 9 ~ A  10.035 in . )  
Specimen processing 
1. Shear specimens from sheet 
2 Machine joint configuration. 
3. Thermal cycle as follows 
Heat to 1200K (1700" F) i n  3 h r  and hold for 30 min 
Heat to 1255 K (1800" F) i n  20 min and hold for 5 min 
Cool to room temperature in 3 h r  
4. Weld specimens as follows: 
Process Gas tungsten arc, dc straight polarity 
Filler wire: Inconel 718, 0.089-cm 10.035 in .1 diam 
Electrode: 2-percent thoriated tungsten, 0.081-cm 10.032 in . )  diam 
Shielding gas Argon at 0.85 m3/hr 130 It  i h r l  flow 3 
6.1 (2.4) 63 125) 
8.0 130 10.2 (4.01 142 (561 
8.5 150 10.2 14.0) 142 1561 
5. Machine specimens as shown i n  figure 4. 
6. Heat treat as follows i n  vacuum atmosphere 
Age at 992 K (1325" FI for 8 hr 
Furnace cool at 55.5 Klhr  1100" Flhr) to 894.3 ? 13.9 K 11150' t 25" F) 
Hold at 896.3 + 13.9 K (1150" f 25" F )  for 8 hr 
Cool to room temperature 
Figure 11. - Weld joint configuration and 
specimen processing for Inconel 718 
ALSA bottle material tests. 
Figure 12. - Photograph of load frame 
and test chamber during a cold 
gaseous hydrogen environment test. 
Figure 13. - Photograph of 
cryoformed 301 stainless 
steel specimen and gaseous 
hydrogen test chamber. 
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(a) Test chamber and specimen. 
(b) O-ring and Teflon backup sheet. 
Figure 14. - Photograph of cryoformed 301 stainless steel specimen and high- 
pressure fluid chamber. 
Figure 15.  - Fracture face photograph of 
Inconel 718 specimen 185W showing 
typical fatigue and sustained-load 
flaw-growth markings (EDM = elec- 
trical discharge machine) . 
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2-1 
Fatlgue--Sustained load growth in H I-::: h -1 in a i r  
a 
Flaw 
(a) Section view of fracture face. 
t 
t 
I 
I I 
I I T  
Specimen c r o s  section 
la12b = 01 
1.6 
Smith solution , 
(a12b = 0 . 5 0 1 7  
I 
I 
0 .1  .2 . 3  . 4  . 5  .6 
al2b 
Figure 16 .  - Specimen geometry and 
stress-intensity factor analysis for 
deep flaws. 
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(b) Enlarged view of sustained-load 
growth in gaseous hydrogen. 
Figure 17 .  - Photomicrographs of crack 
growth in Inconel 718 resulting from 
sustained load in gaseous hydrogen. 
0 
0 Failure 
0- No fa i lure wi th  growth 
0- No fai lure, no  growth 
Figure 18. - Sustained-load crack- 
growth behavior for Inconel 718 base 
metal in 200 K (-100' F) hydrogen at 
6 . 9  MN/mZ (1000 psi) .  
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